In x-ray computed tomography (CT), materials having different elemental compositions can be represented by identical pixel values on a CT image (ie, CT numbers), depending on the mass density of the material. Thus, the differentiation and classification of different tissue types and contrast agents can be extremely challenging. In dual-energy CT, an additional attenuation measurement is obtained with a second x-ray spectrum (ie, a second "energy"), allowing the differentiation of multiple materials. Alternatively, this allows quantification of the mass density of two or three materials in a mixture with known elemental composition. Recent advances in the use of energy-resolving, photon-counting detectors for CT imaging suggest the ability to acquire data in multiple energy bins, which is expected to further improve the signal-tonoise ratio for material-specific imaging. In this review, the underlying motivation and physical principles of dualor multi-energy CT are reviewed and each of the current technical approaches is described. In addition, current and evolving clinical applications are introduced.
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In x-ray computed tomography (CT), materials having different elemental compositions can be represented by identical pixel values on a CT image (ie, CT numbers), depending on the mass density of the material. Thus, the differentiation and classification of different tissue types and contrast agents can be extremely challenging. In dual-energy CT, an additional attenuation measurement is obtained with a second x-ray spectrum (ie, a second "energy"), allowing the differentiation of multiple materials. Alternatively, this allows quantification of the mass density of two or three materials in a mixture with known elemental composition. Recent advances in the use of energy-resolving, photon-counting detectors for CT imaging suggest the ability to acquire data in multiple energy bins, which is expected to further improve the signal-tonoise ratio for material-specific imaging. In this review, the underlying motivation and physical principles of dualor multi-energy CT are reviewed and each of the current technical approaches is described. In addition, current and evolving clinical applications are introduced. Technical Approaches to Dual-Energy CT Dual-energy methods for CT were subsequently investigated by Alvarez and Macovski in 1976 (2,3) . They demonstrated that even with polyenergetic xray spectra, one could still separate the measured attenuation coefficients into their contributions from the photoelectric effect and Compton scattering processes. Since this early work, a number of technical approaches have been developed for acquiring the dual-energy data set (Table) .
Two Temporally Sequential Scans
Initial applications focused primarily on the characterization of lung, liver, and soft-tissue composition (2, 3) . Two temporally sequential scans were performed to acquire the data at each of the two tube potentials (Fig 2a) . Because the data were not acquired simultaneously, patient motion occurring between the two scans caused severe degradation of the resultant images and material composition information.
To minimize the time delay inherent in two consecutive scans of the entire anatomic volume of interest, a modified approach has been suggested, where one axial scan (ie, one tube rotation) is performed at each tube potential prior to table incrementation (Fig 2b) . This reduces the interscan delay between the low-and high-energy images. The best temporal resolution can be obtained for this scenario with use of partial scan reconstruction techniques. In this mass density or iodine concentration, calcified plaque or adjacent bone may appear identical to iodinated blood on a CT scan. In addition to the difficulty in differentiating and classifying tissue types, the accuracy with which material concentration can be measured is degraded by the presence of multiple tissue types. For example, when measuring the amount of iodine enhancement of a soft-tissue lesion, the measured mean CT number over the lesion reflects not only the enhancement due to iodine, but also the CT number of the underlying tissue.
The reason for these difficulties in differentiating and quantifying different tissue types is that the measured CT number of a voxel is related to its linear attenuation coefficient m(E), which is not unique for any given material, but is a function of the material composition, the photon energies interacting with the material, and the mass density of the material. As can be seen in Figure 1 , the same linear attenuation coefficient values can be measured for two different materials (eg, iodine and bone) at a given energy, depending on the mass density.
In dual-energy CT, an additional attenuation measurement is obtained at a second energy, allowing the differentiation of the two materials (Fig 1) . Assuming the use of monoenergetic x-rays, at approximately 100 keV the same linear attenuation coefficients can be measured for bone and iodine. Data acquired at approximately 50 keV would allow the differentiation of the two materials. Although medical x-ray tubes generate a polyenergetic spectrum, the general principle remains valid. Thus, dual-energy CT can be defined as the use of attenuation measurements acquired with different energy spectra, along with use of the known changes in attenuation between the two spectra, to differentiate and quantify material composition. It was initially explored and described by Godfrey Hounsfield, who stated in 1973, "Two pictures are taken of the same slice, one at 100 kV and the other at 140 kV… so that areas of high atomic numbers can be Essentials n Materials having different elemental compositions can be represented by the same CT numbers, making the differentiation and classification of different types of tissues extremely challenging.
n In dual-energy CT, attenuation measurements obtained at a second energy allow the decomposition of a mixture of two or three materials into its constituent materials.
n A number of technical approaches exist for acquiring dualenergy data, including sequential acquisition of two different scans, rapid tube potential switching, multilayer detectors, and dual x-ray sources.
n Energy-resolving, photon-counting detectors represent an emerging approach to acquiring more than two energy measurements; this may provide new applications such as K-edge energy subtraction techniques.
n A range of current and emerging clinical applications of dualenergy CT exist, including virtual monoenergetic imaging, automated bone removal in CT angiography, perfused blood volume imaging, virtual noncontrast material-enhanced imaging, plaque removal, virtual noncalcium imaging, urinary stone characterization, imaging of crystalline arthropathies, and detection of silicone from breast implants.
I
n computed tomographic (CT) imaging, materials having different elemental compositions can be represented by the same, or very similar, CT numbers, making the differentiation and classification of different types of tissues extremely challenging. A classic example is the difficulty in differentiating between calcified plaques and iodine-containing blood. Although these materials differ considerably in atomic number, depending on the respective REVIEW: Dual-and Multi-Energy CT McCollough et al using a longer sampling interval for the low-energy data. This approach has been successfully implemented (HD 750; GE Healthcare, Waukesha, Wis). However, because the same xray tube is used for both the low-and high-energy data set, it is technically difficult to optimize the spectral filtration for both the low-and high-energy images. Finally, very fast data sampling is needed to avoid decreasing the in-plane spatial resolution subsequent to allocating a fraction of the acquired samples to each energy's data set. The very short time interval between the low-and high-energy views (less than 1 msec) provides near-simultaneous data acquisition of the low-and highenergy data set. The one-view misregistration requires a correction to be applied to avoid streak artifacts; however, this allows dual-energy material decomposition algorithms to be implemented by using either projection data or reconstructed images. The ability to use projection data assists in reducing beam-hardening artifacts in calculated "virtual monoenergetic" images.
Multilayer Detector
A third mechanism for acquiring dual-energy CT projection data uses a single high tube potential beam and layered or "sandwich" scintillation detectors (Fig 4) . The low-energy data are collected from the front or innermost detector layer and the high-energy data are collected from the back or outermost detector layer (Fig 5) . This is analogous to the use of multilayer detectors for dual-energy radiography (6) (7) (8) . To achieve comparable noise in the low-and high-energy images, different detector thicknesses are used. Preliminary clinical work using a prototype multilayer detector system and a 64-detector row CT scanner (Brilliance-64; Philips Medical Systems, Bothell, Wash) has been reported to be capable of successfully differentiating iodine from bone. An advantage to this approach is that the low-and high-energy data sets are acquired simultaneously, and the data from the inner and outer detector layers are primarily on bone densitometry measurements. However, the tube current could not be increased quickly enough for the low tube potential measurements to achieve comparable noise levels in both the low and high tube potential data sets. This difference in noise limited extension of the technique beyond bone densitometry applications. Switching the tube potential between consecutive views requires that the transition time from low to high tube potential be less than a millisecond. In addition, the transition must be as abrupt as possible to maximize the energy separation of the measured data, although difficulty in rapidly modulating the x-ray tube current may cause high noise levels in the lowenergy data or excessive dose from the high-energy projections. This problem can be addressed, however, by using asymmetric sampling for the low-and high-energy projections. In this manner, without rapidly changing the tube current, the needed increase in tube current-time product for the low-energy projections is obtained by approach, 180° plus the fan angle of projection data are acquired at each tube potential, with a small delay between acquisitions to allow for switching of the tube potential and table incrementation. This approach may be appropriate for relatively static organs or tissues. However, because the time delay between the two scans is still relatively long, the susceptibility to motion misregistration between the low-and high-energy data sets may limit the value of this approach for dual-energy imaging of vascular processes, or tissues and organs susceptible to motion. For scanners having relatively narrow z-axis coverage, the increase in total scan time may also be a limiting factor.
Rapid Switching of X-Ray Tube Potential
In the 1980s, a modified commercial CT system (Somatom DR; Siemens Healthcare, Erlangen, Germany) used fast tube potential switching to allow alternate projection measurements to be acquired at low and high tube potentials (Fig 3) (4,5) . Clinical application of this technique focused ) as a function of energy (in kiloelectron volts). The plotted linear attenuation coefficients (in reciprocal centimeters) were generated by using the energy-dependent mass attenuation coefficients from the National Institute of Standards, which were multiplied by the assigned density values. The result is that the same linear attenuation value (m[E]) can be attained although the materials (iodine and bone) are different (arrow). Measuring attenuation at a second energy allows the two materials to be differentiated (arrowhead).
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McCollough et al tube current values, the noise levels in the respective images are adjustable. Because both tubes are simultaneously energized, scattered radiation whose original primary photon came from one tube may be detected by the detector for the other tube, and vice versa. This degrades spectral separation and requires the implementation of an appropriate scatter-correction algorithm (12) . An advantage of the dual-source approach is the ability to independently optimize the spectral filtration for each tube-detector pair, which enables increased spectral Definition Flash); and a third, in 2013 (Somatom Force), all from Siemens Healthcare (Forchheim, Germany). Each x-ray source is equipped with its own high-voltage generator, allowing independent control of both the x-ray tube potential and the tube current. The projection data are approximately 90° out of phase. Images reconstructed from each of the tubedetector pairs are used to perform material decomposition analyses in the image domain. Because each tube is operated at different tube potentials and different recorded at all times (9) . This allows dual-energy analysis to be performed on every data set acquired. That is, the system is always operating in a "dual-energy mode." Dual X-Ray Sources Dual-source CT is a CT system where two x-ray sources and two data acquisition systems are mounted on the same gantry, positioned orthogonally to one another (Fig 6) Temporally sequential scanning of the entire scan volume
Can be performed on any CT scanner (no special hardware required).
Any patient motion occurring between the two scans may cause severe degradation of the resultant images and material composition information. Temporally sequential scanning of a single axial rotation
Can be performed on any CT scanner (no special hardware required). Reduced interscan delay between the low-and high-energy images.
Best temporal resolution obtained with partial-scan reconstructions, which are more susceptible to errors in CT numbers; this might degrade material composition accuracy. The susceptibility to motion misregistration between the low-and high-energy single axial rotation may limit the value of this approach for imaging of vascular processes or tissues and organs susceptible to motion. For scanners having relatively narrow z-axis coverage, the increase in total scan time associated with an axial acquisition mode may be a limiting factor. Rapid switching of the x-ray tube potential
Near-simultaneous data acquisition of the low-and high-energy data set. Allows dual-energy material-decomposition algorithms to be implemented by using either projection data or reconstructed images. Reduces beam-hardening artifacts in calculated "virtual monoenergetic" images.
Requires specialized hardware. Relatively high overlap of the energy spectra.
Multilayer detector Simultaneous data acquisition of the low-and high-energy data set. All image data are acquired in a manner that supports material-specific imaging.
Requires specialized hardware. Relatively high overlap of the energy spectra. Noise level may differ between low-and high-energy images.
Dual x-ray sources Tube current and tube filtration can be optimized for each tube potential independently. Relatively low degree of spectral overlap, which improves contrast-to-noise ratios in material-specific images. Beam-hardening corrections are applied prior to image reconstruction, allowing material-specific images to be created in the image domain.
Requires specialized hardware. A 90° phase shift between low-and high-energy data. Simultaneous use of both x-ray sources allows scattered radiation whose original primary photon came from one tube to be detected by the detector of the other tube, requiring specialized scatter correction.
Photon-counting detectors Uses energy-specific measurements and energy thresholds to reject electronic noise. Facilitates new imaging approaches, such as k-edge subtraction.
Requires specialized hardware, which is not anticipated to be commercially available for some time, if at all.
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exist in dealing with the exposure rates used in CT imaging. At the high peak x-ray flux used in CT imaging (approximately 10 9 counts/sec/mm 2 ) (19), currently available detectors experience a loss of counts due to pulse pile-up effects and can eventually Data associated with specific energy windows are created by subtracting different energy threshold data. For the special case with n = 2 energy windows, photon-counting detectors can be used for dual-energy imaging.
By using pulse-height discrimination, the transmitted x-ray spectrum is divided into a number of different energy bins (Fig 8) , the number of which depends on the design of the application-specific integrated circuit that is bonded to the energy-resolving detector. Cadmium telluride (CdTe) and cadmium zinc telluride are considered the most likely candidates for the material used to convert the energy of an absorbed x-ray into an electrical signal, the magnitude of which is proportional to the incident photon's energy (18) . Although such detectors are currently available and used in other disciplines, challenges separation and an increased signalto-noise ratio in the material-specific images (13, 14) .
Technical Approaches to Multi-Energy CT

Photon-counting Detectors
The use of energy-resolving photoncounting detectors may offer the most robust solution to dual-energy, or multi-energy, data acquisition. Such detectors, which are capable of counting discrete photon interactions, are the subject of ongoing research and development and are not commercially available in CT systems, although they are used in nuclear medicine and spectral mammography. Based on the choice of energy thresholds and the associated energy of each photon, counts are placed into specific energy threshold data sets (Fig 7) (15-17) . The x-ray tube potential is switched between successive views in either axial or spiral mode. Dual-energy processing can be performed by using projection or image data, and the temporal resolution of each image and the entire examination remains essentially unchanged. For successful technical implementation and to maintain current levels of image quality and temporal resolution, very fast detector materials and electronics are needed. Additionally, the x-ray generator must be capable of very rapid transitions between the low and high tube potentials. The use of projection data has the theoretical advantage of eliminating beam-hardening artifacts in the reconstructed images. In practice, however, beam-hardening artifacts may not be completely removed due to imperfect system calibrations (29). This demonstrates that regardless of the algorithm domain (projection or image space), accurate system calibrations, which establish the relationship between the projection measurements and known densities of basis materials, or CT numbers and known thicknesses of basis materials, are essential. Material decomposition can also be performed in postreconstruction (image) space, by using either rZ decomposition (30) or basis material decomposition (31). Image space decomposition is relatively easy to
Material Decomposition Algorithms
The ability of dual-or multi-energy CT to decompose a material into its constituent elements relies on the energy-and element-dependent nature of x-ray attenuation. In the diagnostic energy range (E , 150 keV), the attenuation of x-rays by matter is primarily due to the photoelectric effect and Compton scattering processes. This is a monotonic and smoothly varying function for elements without K-or L-edges within the energy range that is useful for diagnostic x-ray imaging (2). In the absence of a K-or L-edges, the attenuation coefficient of a given material can be modeled as a linear combination of the photoelectric and Compton interactions.
By modeling the dependence of the photoelectric and Compton interaction processes on material mass density (r) and atomic number (Z), a rZ map can be generated and material-specific information obtained (2) . Since the x-ray attenuation depends primarily on these two interaction mechanisms, any material's attenuation coefficient can be expressed as a linear combination of the attenuation coefficients of two underlying basis materials (28) .
Early investigations into dualenergy CT material decomposition focused on methods implemented in prereconstruction (projection) space, become fully paralyzed (20, 21) . The accuracy of the recorded energy can be degraded due to the distribution of a photon's energy across multiple detector pixels (known as charge sharing [22] [23] [24] ) or the reemission of a characteristic x-ray (known as K-escape). To reduce the effects of charge sharing, a charge-summing mode has been proposed in which communication between nearby detector pixels is established with use of hardware circuits. Charges from the neighboring pixels of coincident events are summed up and the total charge is assigned to the pixel that collects the most charge. Substantial improvement of spectral performance has been observed using this technique (25, 26) .
A number of potential advantages, including improved spectral separation and increased dose efficiency (27) , are driving significant research and development in this field. In particular, photon-counting detectors have a higher geometric efficiency than do energy-integrating detectors (by approximately 30%), and the application of an energy threshold enables the rejection of counts due only to measured electronic noise. Electronic noise measured above the threshold will affect only the measured energy of each photon; it will not change photon counts. This detector technology also provides the ability to perform K-edge imaging. Dual-x-ray-source geometry: Independent x-ray tubes, detectors, and generators allow simultaneous collection of dual-energy data. Each tube can be operated by using the optimal tube current setting and with optimum spectral filtration. Due to the 90° offset between the low-and high-energy views, dual-energy processing is implemented by using already reconstructed image data. Both axial and spiral acquisition modes are possible, and the temporal resolution remains unchanged. Scatter originating from one tube can be detected by the orthogonal detector, which can reduce spectral separation. The field of view over which dual energy data are acquired is currently limited to 26, 33 or 35 cm, depending on the specific scanner model. kV = kilovoltage.
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implement and is used in systems where spatial or temporal inconsistency exists between the projection data acquired at the two beam energies, for example, in dual-source CT (10, 11) . Iterative beam hardening correction in image space can be used in this scenario to minimize the dependence of quantitative measurements on patient size or composition (32) . The use of photo-counting detectors in CT may provide more spectral information than is available from dual-energy CT systems. The energydiscriminating capability of photoncounting detectors enables binning of the detected photons into N energy bins, where N depends on the number of energy thresholds allowed by the application-specific integrated circuit design. The choice of N is affected by the energy resolution since a better energy resolution allows more accurate spectral information to be recorded in each energy bin. Energy resolution on the order of several kiloelectron volts is currently typical. The additional number of energy measurements (ie, bins) provides more discrete information about the transmitted spectra and enables new approaches for material decomposition, such as K-edge imaging, to detect specific, or even multiple, contrast agents (15, (33) (34) (35) (36) (37) . The optimal configuration of energy bins, that is, the number of bins and their upper and lower thresholds, has a critical impact on the material decomposition of spectral imaging, and a number of reports have focused on optimization strategies (2, (38) (39) (40) . Also, material decomposition algorithms for photon-counting detectorbased CT have been investigated for both projection-and image-space approaches (35, 36, 41, 42) .
With use of material decomposition techniques, one can obtain mass density, effective atomic number, or other material-specific information. Clinical applications that make use of these capabilities can be classified into two main categories, the first of which is to quantify the concentration of a certain component of a mixture. The mixture usually involves two or Schematic diagram of a photon-counting (energy-resolving) x-ray detector and signal-processing components. The semiconductor detector (eg, CdTe) directly converts the absorbed x-ray energy into electrical charge, which is accelerated across a potential difference and collected by discreet signal electrodes. Unlike current scintillating CT detectors, there are no septa within the semiconductor material; this maximizes geometric efficiency. The signal collected is proportional to the absorbed photon energy, and pulse height analysis is used to bin the signal from discreet photon interactions into two or more energy windows, depending on the capability of the application-specific integrated circuit coupled to the semiconductor detector. keV = kiloelectron-voltage. (w1-w6) . This illustration neglects nonideal properties such as pulse pile-up, which occurs when the count rate is too high, and charge sharing or K-escape phenomena, which occur when the discrete spacing of the signal electrodes is too small. To achieve both an accurate photon count and spectral measurement in CT, both hardware and software advances are necessary. keV = kiloelectron volt.
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McCollough et al for narrow energy bins, the noise may be so high as to make it impossible to detect small differences in material composition. Moreover, when only narrow energy bins are used, a large portion of the dose delivered to the patient in other energy bins is unutilized. Thus, the requirements for increasing the differences in material-specific attenuation are in direct conflict with the requirements for decreasing noise in the energy-specific data and in any material decomposition images derived from them. Similar observations exist for the selection of the total number of energy bins. For a given x-ray spectrum, more energy bins provide more measurements of energy-dependent information. With multiple data points available along the attenuation-energy curve, better curve fitting and consequently better material differentiation is achieved. However, more bins imply narrower bin widths and fewer photons in each bin. For example, for a system with six energy bins of equal width, the number of photons in each energy bin is only one-sixth of the total photons delivered (Fig 8) . Noise in each energy bin is then substantially increased relative to the situation using fewer energy bins.
Therefore, an intrinsic trade-off exists in the selection of energy bins (number, width, and placement) for multi-energy CT, resulting in the described trade-off between energyspecific signal (material differentiation information) and noise. To address this constraint, Leng et al (44) developed an energy-domain noise-reduction technique to reduce image noise in spectral CT. Simulations, phantom experiments, and patient studies demonstrated the ability to achieve noise levels in each energy-selective image similar to that of the composite (nonenergy-selective) image that makes use of all detected photons, both for clinical dual-energy CT systems and photon-counting detector-based spectral CT systems (44). This was achieved without any loss of spatial resolution. This approach allows flexible selection of energy bin width and number to maximize material decomposition plotted on a graph, where the y-axis is the CT number at low energy (eg, 80 kV) and the x-axis is the CT number at the high energy (eg, 140 kV) (Fig 9) . Ideally, the three basis materials should be sufficiently different as to create a broad triangle in this plot. Thereafter, corresponding CT number pairs from the low-and high-energy images are mapped onto the calibration diagram. Depending on their position in the diagram, the material or percent composition of a certain material is estimated. The voxels can be color coded according to material type or the percent composition of the basis materials reported. Alternatively, one or more of the basis materials can be either suppressed or enhanced, depending on the desired clinical application. The noise level in the low-and high-energy images and the magnitude of difference in effective atomic number between basis materials each affect the accuracy of the material discrimination (13, 14) .
Energy Domain Noise Reduction
Whether in dual-or multi-energy CT, the number of photons in any given energy bin is less than the total number exiting the patient. This has important consequences for multi-energy CT, where the appropriate selection of energy bins (ie, the number of energy bins and the width of each energy bin) has a critical impact on the outcome of spectral imaging. A narrow energy bin has better energy resolution compared with a wider energy bin, and hence enables better material differentiation. For example, referring to the spectra in Figure 8 , use of bins w2 and w5 would result in improved material discrimination than would use of wider bins (w2 + w3) and (w4 + w5). However, an obvious limitation of using narrow bins is that the number of photons available in each energy bin is much smaller than the total number of photons detected, and noise levels within each bin are dramatically increased. Thus, a critical problem occurs-to maximize material separation, energy bins should be narrow and widely separated; however, more materials with known elemental compositions, such as iodine, soft tissue, and fat. This could be applied, for example, to quantify contrast material uptake in the liver. The second type of clinical application is to classify materials into predefined groups, such as uric acid versus non-uric acid urinary stones. The classification can be based on the effective atomic number information from the material decomposition or on densityindependent measurements, such as the ratio of the CT number measured in the low-energy image to that measured in the high-energy image. This ratio is referred to in various publications as either the dual-energy ratio, or DER, or the CT number ratio, or CTR (14, 43) .
A three-material decomposition algorithm can also be used to quantify the concentration of three materials with known elemental compositions in a mixture (11, 13, 14) . In the absence of the ability to perform K-edge imaging, the ability to quantify three materials from only two unique measurements relies on the introduction of a third piece of information, which is usually the assumption of volume or mass conservation (31). Conceptually, the CT numbers of three materials of known composition and density are 
Current and Emerging Clinical Applications of Dual-and Multi-Energy CT
Although each of the major CT manufacturers is investigating dual-energy acquisition and reconstruction techniques, at present, a greater range of clinical applications and software tools has been developed for use with the dual-source system. In the remaining sections, examples from a dual-source CT system will be used to introduce several clinical applications of dual-energy CT. Patient examinations shown in this section were acquired under institutional review board approval.
Virtual Monoenergetic Imaging
In dual-energy CT, besides the materialspecific information, one may also synthesize monoenergetic images at different energies, which can be used for routine Several other dual-energy noisereduction techniques have been previously investigated to reduce noise in material-specific images. Macovski et al proposed a method using measurement-dependent filtering, which essentially combines low-frequency information from the material-specific image and high-frequency information from the nonmaterial-specific image (49,50). Kalender et al (51) developed a method to reduce noise using the negative correlation in material-specific images from dual-energy CT. McCollough et al (52) developed a correlated noisereduction technique in dual-energy digital subtraction angiography. Compressed sensing-based methods, such as prior image constrained compressed sensing (PICCS) by Chen et al and nonconvex PICCS by Ramírez-Giraldo et al can also be used to reduce image noise capabilities, without incurring increased image noise or requiring increased patient dose.
Energy domain noise reduction has been successfully applied to the full range of dual-or multi-energy processing techniques, including the generation of blended images (linear or nonlinear combination of the low-and high-energy images), virtual monoenergetic images, or material-specific images (44-48). It can be applied before material decomposition on the individual energy-specific images and after material decomposition on the material-specific or virtual monoenergetic images. As noise reduction is applied in the energy domain, it offers additive benefit to spatial-or temporal-domain noise reduction techniques, such as image-or projection-based denoising or iterative reconstruction. diagnosis similar to conventional polyenergetic images acquired at a single x-ray tube potential (56) (57) (58) (59) (60) (61) . These images decrease beam-hardening artifacts, even when image-based methods are used.
Because of the abrupt increase in iodine attenuation above 33 keV, iodine signal increases for photon energies that are just above 33 keV. The optimal energy at which to synthesize the virtual monoenergetic image depends on several factors, including patient size and the use of energy-domain noise reduction methods to address the increase in noise that would otherwise occur at lower energy settings. In practice, the optimal contrast-to-noise ratio for iodine occurs at virtual monoenergetic energies of 40-70 keV.
Automated Bone Removal in CT Angiography
One of the most appealing applications of dual-energy CT is direct CT angiography (62) (63) (64) (65) . In this approach, the dual-energy algorithm identifies and removes bone, allowing direct visualization of iodinated vessels (Fig 10) . On the most current dual-source CT system, the field of view of the second x-ray source limits dual-energy bone removal to a 35-cm field of view; singleenergy bone removal algorithms are used outside the 35-cm field of view on that system. As Hounsfield predicted in 1973, the differences in atomic number do indeed make calcium and iodine readily separable with use of dual-energy techniques.
Perfused Blood Volume (Blood Pool Imaging)
In addition to removing bone to see iodine, the identification of iodine voxels (81, 83) .
REVIEW:
In examinations where only a contrast-enhanced scan was performed and a subtle increased attenuation is observed, it would be helpful to have a noncontrast examination to determine if the increased attenuation is due to contrast enhancement or simply due to the presence of a slightly more attenuating tissue type (77, 78) . The mixed image is not a materialspecific image; it includes signal from soft tissue, bone, and iodinated contrast media. The "tissue-only" virtual noncontrast image suppresses the enhancement (76) (77) (78) (79) (80) (81) (82) . If the virtual noncontrast images are of sufficient quality to be a viable substitute for true noncontrast images, the noncontrast scan of multiphase examinations may be able to be omitted. An example of a clinical application where this possibility is desirable is in the CT evaluation of the kidney, ureters, and bladder, where a complete examination includes both a noncontrast and a contrast-enhanced scan. The noncontrast scan is required only for stone detection, because the presence of iodinated contrast material can obscure visualization of urinary stones. However, at present, urinary stones allows for color enhancement of iodinated areas. One clinical use is visualization of the perfused blood volume, also referred to as blood pool imaging. Applications have been developed to detect perfusion deficits in the lung secondary to a pulmonary embolism (66) (67) (68) (69) (70) (Fig 11) and to detect areas of ischemia in the myocardium (71) (72) (73) (74) (75) .
Virtual Noncontrast-enhanced Images Another potential application for dual-energy CT is, after identifying iodine voxels, to remove the iodine component of the CT number to create a virtual noncontrast image, that is, an image without contrast material 
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McCollough et al iodine signal, and the iodine information is shown as a color-coded map, which is overlaid on top of the mixed or virtual noncontrast image. These iodine maps are helpful in assessing whether lesions represent a malignant or benign process (Fig 12) . Conversely, iodine identification can be helpful when only a noncontrast-enhanced scan is performed and a subtle increase in attenuation is observed. For example, after thrombolytic therapy for stroke or after complicated intracranial neurologic procedures, iodine classification can be helpful in differentiating between blood, tumor, or retained iodinated contrast material (76, 80) .
Atherosclerotic Plaque Removal
An extension of automated bone removal is to remove not just large bone anatomy, but also discrete hard plaques, potentially allowing clearer visualization of patent lumens in maximum intensity projections (Fig 13) (84-86) .
Virtual Noncalcium Images
Similar to the virtual noncontrast application, where iodine is identified and removed to more clearly appreciate the underlying soft tissues, the same can be done with calcium (87) . This increases the ability to detect bone marrow edema, which would otherwise be difficult to appreciate in the presence of the much larger calcium signal (Fig 14) .
Urinary Stone Characterization
In vitro and in vivo experiments have demonstrated the ability of dual-energy material decomposition to accurately discriminate between uric acid and non-uric acid stones (43,88). Clinically, this is an important application since in vivo determination that a stone is made of uric acid would allow immediate initiation of urinary alkalization, potentially avoiding the need for further medical testing or stone removal procedures. The accuracy of this approach has been validated in phantom models and approaches 100% (88) . Figure 15 demonstrates the results of one commercial software application, which color codes uric 
REVIEW: Dual-and Multi-Energy CT
McCollough et al compositions (11, (96) (97) (98) (Fig 16) . Sequential scanning techniques have also been shown to successfully identify uric acid and non-uric acid stone types after application of a nonrigid registration technique, which aligns identified stones in the low-and high-energy data sets that otherwise were misaligned by several millimeters. Use of such registration techniques is critical if there is any motion present; even a 1-mm offset can alter the results in a small (approximately 2-mm) stone (93) .
Crystalline Arthropathies
The ability of dual-energy CT to differentiate uric acid from calcium can be used to differentiate gout from pseudogout (calcium pyrophosphate deposition disease). Examples from two patients are shown in Figure 17 (94) .
Detection of Silicone from Breast Implant Leaks
When the integrity of a silicone breast implant is compromised, small amounts of silicone can leak into the surrounding tissue and may travel to the surrounding lymph nodes, causing inflammatory or immune responses. Occasionally, the silicone is adjacent to similarly attenuating anatomy and difficult to detect. Dual-energy CT can be used to clearly differentiate these regions of silicone from the surrounding soft tissue (Fig 18) (95) .
Conclusion
In summary, dual-energy and multienergy CT represent an emerging field Figure 17 Figure 17: Three-dimensional volume-rendered CT images of (a) gout (green) in a 56-year-old man and (b) calcium pyrophosphate crystals (purple) in the triangular fibrocartilage (arrow) in a 78-year-old woman, where composition of intra-and peri-articular crystals was automatically determined by using dual-energy CT. , c) , making it potentially difficult to differentiate a small extracapsular silicone leak from fibroglandular breast tissue. In the material-specific images (b, d), silicone is color coded in red, making it easy to differentiate silicone from soft tissue. Dense or high-atomic-number materials also take on a red tint (eg, cartilage and ribs) in the color-coded image. 
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